ABSTRACT: It has been widely documented that point sources of organic enrichment elicit abundance peaks in the distribution of benthic opportunistic species. However, the temporal dimension of such phenomena has not been examined. In this study, we explored the dynamic relationship between the seasonal distribution pattern of the mud snail Nassarius sinusigerus and the geochemical conditions of the sediment along an organic enrichment gradient adjacent to a commercial fish farm. Cluster analysis of total dissolved sulfides (TDS), dissolved oxygen (DO) and organic matter (OM) revealed 3 distinct groups: 'highly', 'moderately' and 'slightly' impacted sediments. The seasonal distribution of N. sinusigerus along a transect away from the fish farm indicated that a peak in snail abundance was associated with the moderately impacted sediments, occurred between 20 and 80 m from the center of the farm, and corresponded to [DO] > 0.3 ppm and [hydrogen sulfide] < 1 µM. When the sediment conditions near the farm deteriorated during summer, the peak in snail abundance shifted away from the farm. An improvement in sediment conditions during the following winter enabled the migration of N. sinusigerus toward the farm. The factor drawing N. sinusigerus toward the farm was probably food availability, as suggested by the strong attraction of the snails to the sediments and to annelids below the fish cages. This study suggests that the distribution of N. sinusigerus around fish farms is determined by the balance between the attraction of the gastropod to the organically enriched sediments below the fish cages and deterrence due to deleterious sediment geochemistry (mainly anoxia and sulfides). As such, the distribution of N. sinusigerus may serve as an indicator of sediment conditions.
INTRODUCTION
The discharge of feces and waste food from net cage aquaculture often leads to organic enrichment which alters the physical and chemical properties of the underlying and nearby marine sediments (Gowen et al. 1991 , Holmer & Kristensen 1992 , 1996 . The region of 'impacted' sediments has been traditionally characterized by significantly higher levels of organic matter, porewater hydrogen sulfide, ammonia and phosphate and lower levels of dissolved oxygen and redox potential (Beveridge 1996 , Pearson & Black 2001 . Changes in sediment geochemistry below commercial fish farms generally lead to reduction and disappearance of many sensitive benthic species and an increase in the abundance of eurytolerant species (Brown et al. 1987 , Tsutsumi et al. 1990 , Weston 1990 , Findlay et al. 1995 . The Pearson & Rosenberg (1978) model of macrobenthic succession along organic enrichment gradients shows that the abundance of 1 or 2 opportunistic species increases up to a maximum ('peak of opportunists') at a given distance from a point-source of organic input. Thereafter, abundances gradually decrease to lower levels characteristic of unenriched sediments (Swartz et al. 1986 , Weston 1990 , Ferraro et al. 1991 , Tsustsumi et al. 1991 .
Organic loading rates to sediments under fish cages and the subsequent geochemical changes vary seasonally, since aquaculture feeding regimes closely corre-spond to ambient water temperatures (Holmer & Kristensen 1992 , 1996 , Angel et al. 1995 . It has been suggested that temporal changes in sediment conditions may lead to changes in the position of the 'peak of opportunists' (Pearson & Rosenberg 1978 , Morely 1995 , Karakassis et al. 2000 . This distance, with respect to the source of organic enrichment, could serve as a means of assessing the extent of impacted sediments. However, to the best of our knowledge, such temporal/spatial patterns have not been demonstrated to date.
The presence of the mud snail Nassarius (Niotha) sinusigerus (A. Adams. 1852) in sandy sediments and seagrass beds in the Gulf of Aqaba was described by Singer & Mienis (1997) , yet the factors affecting this snail's distribution and abundance were not addressed. We have observed large abundances of N. sinusigerus on the seafloor in the vicinity of the commercial fish farm 'Ardag' in the northern Gulf of Aqaba, Red Sea, since 1995. In this study we documented the distribution of N. sinusigerus and corresponding sediment geochemistry along a horizontal transect from below the fish cages to an unaffected area during 4 consecutive seasons in 1998 to 1999. Moreover, we examined the possibility that the distribution of the mud snail was influenced by its attraction to the increased abundance of food around the fish farm. Our results lend support to the hypothesis that the position of the peak of opportunists tracks temporal changes in sediment geochemistry, as proposed in the Pearson & Rosenberg (1978) model.
MATERIALS AND METHODS
Study site. The 'Ardag' fish farm is situated at the northern end of the Gulf of Aqaba (Fig. 1) near the Israel-Jordan border. The mean annual current velocity is less than 10 cm s -1 , although in winter the flow rate may occasionally be as rapid as 35 cm s -1 (Brenner et al. 1988 (Brenner et al. , 1991 . The dominant component of the flow is east to west However, there are frequent erratic changes in both flow direction and velocity. The water temperature ranges from 21°C in winter to 26°C in summer (Reiss & Hottinger 1984, p. 48-55) . The 'Ardag' farm consists of 3 parallel pontoons (pontoon length 150 to 200 m), each with 10 pairs of cylindrical floating net cages (mean dimensions 13 m diameter, 10 m deep) moored perpendicular to the predominant current direction (Fig. 1) . The major fish species reared in the cages is gilthead seabream Sparus aurata, stocked at between 20 and 25 kg m -3 . The natural, unenriched sediments near the farm consist of fine sand that supports a wide variety of invertebrates and Halophila stipulacea (seagrass) beds (Fishelson 1971) . The organically enriched sediments below the fish cages are often covered by microbial mats that consist mainly of benthic sulfur bacteria (Beggiatoa spp.) and cyanobacteria (Angel et al. 1995) .
Water temperature, current measurements and fish feeding. Water temperature (± 0.5°C) was recorded in this study using a Suunto Companion diving computer. We moored an InterOcean S4 current meter 30 m west of the farm at 21 m depth, 3 m above the seafloor, 1 to 4 wk prior to each sampling, and recorded current speed and direction on an hourly basis. The current meter data collected during July 1998 were lost due to a technical mishap. Farm feed data (amount of feed given) were provided by the farm manager as a monthly sum for the entire farm.
Sediment sampling. Sediment samples were collected by divers at 9 stations situated at 20 m intervals along a marked transect line (24 m depth) starting from directly below the center of the western pontoon of the 'Ardag' fish farm to 160 m west of this point, and at a reference station located 800 m west of the farm (Fig. 1) . All references to distances from the fish farm relate to the central axis of the fish cages and not the edge of the farm. Sampling was performed in April (spring) 1998, July (summer) 1998, October (autumn) 1998 and February (winter) 1999. We collected 4 sediment cores per station using clear acrylic tubes (30 cm long, 4.5 cm internal diameter) and rubber stoppers. Geochemical analyses of the sediments commenced within 1 h of sample collection.
Sediment geochemistry. Vertical profiles of total dissolved sulfides (TDS) and dissolved oxygen (DO) in the sediment cores were recorded by stainless-steel, needle-type electrodes (Microscale Measurements; Visscher et al. 1991 ) mounted on manual micromanipulators (Katz et al. 2002) . The TDS results reflect average TDS concentrations in the upper 2 cm of the sediment, whereas oxygen concentrations relate to DO levels at the sediment surface. pH was determined using a thin-neck combination glass electrode (3.5 mm diameter 277 mm length, Model #5990-32 ColeParmer Instruments). The ambient pH values (not presented) were measured in order to determine TDS concentrations and to calculate porewater concentrations of hydrogen sulfide (H 2 S), the toxic species of sulfide, using Table 2 .17 in Boyd (1990) . Following electrode measurements, the upper 2 cm of sediment from each core were removed for determination of organic matter by loss-on-ignition (LOI) (through combustion at 450°C for 8 h). Snail abundance and weight determinations. At each station, triplicate sediment samples were taken by randomly inserting square 30 × 30 × 10 cm plastic frames into the sediment and collecting all enclosed sediment and snails to a depth of 3 cm (live snails were not found deeper than 1.5 cm below the sediment surface). Each sediment sample was placed in a 1 mm mesh nylon bag and fine sand was removed from the samples by gently shaking the bags while underwater. In the laboratory, samples were transferred to aluminum trays filled with seawater and all live snails in the trays were enumerated. Wet weight determinations (Sartorius L610 balance) were performed for each station on all snails, and when there were >100 snails per sample, a random subsample of 100 snails was weighed. Following enumeration, snails were taken back to the sea and released.
Nutritional behavior of Nassarius sinusigerus. In order to evaluate the possibility that the changes in snail distribution, with respect to the fish farm, were related to feeding, a snail 'hunger bioassay' (McKillup & Butler 1983) was employed. In the bioassay, snails collected from the 'Ardag' sediments were placed in aquaria with running seawater for at least 48 h (acclimation period, McKillup & Butler 1983) prior to testing. Bioassays were conducted in triplicates in aluminum trays (22 × 18 × 4 cm) lined with a 1.5 cm layer of sand and filled with fresh seawater, and 20 min prior to the start of each bioassay 1 dead Sparus aurata fingerling (approx. 20 g) was placed at one end of the tray. Subsequently, 12 snails were gently placed (if snails were dropped or handled roughly, they did not respond to the food, regardless of their hunger level) at the opposite side of the tray using forceps. The number of snails that reached the fish carrion within 20 min and began to feed was documented. Snails that commenced feeding before the bioassay ended were immediately removed from the tray. Fed (48 h prior to the bioassay) and starved (2 wk starvation) snails served as controls.
In a set of preliminary experiments, snails were fed fish carrion (Sparus aurata fingerlings) prior to starvation for different periods (0, 12, 24, 48, 72 and 168 h), followed by the standard 48 h acclimation period, in order to assess the ability of this bioassay to test snail hunger level. These experiments included 5 replicates for each starvation period and were repeated on 3 separate occasions. The proportion of feeding snails/total snails increased as the period of starvation increased (Fig. 2) . In order to test the attraction of snails to the farm N. sinusigerus were collected at each of the sampling stations in July 1998, October 1998 and in February 1999 and bioassayed, as above.
Statistical analysis. Statistical analyses were performed with the SAS statistical package (1999 version of SAS Software). Prior to ANOVA analysis Kolmogorov-Smirnov and Levene's tests were performed to test for normality and homogeneity of variance, respectively. Post-hoc multiple comparisons of means tested by Tukey's Studentized Range (HSD) test was applied to determine the effect of season and station on the geochemical variables and snail abundances. Spearman's Rank Correlations was used to test the relationships among the geochemical variables (performed on all data) and the relationships between the geochemical variables and snail abundances (performed on data collected between the farm and the area where the abundance peak was recorded). The geochemical data were further analyzed using Kmeans cluster-analysis (FASTCLUS procedure, SAS/STAT Software) calculated on transformed data, and subsequently the mean snail abundance was calculated for each cluster. The Kruskal-Wallis ANOVAby-ranks test was used to test snail hunger level with respect to distance from the fish farm.
RESULTS

Water temperature, fish food input and hydrography
Water temperature at 24 m depth was 21°C in April 1998 , 25°C in July and October 1998 and 22°C in February 1999 
Sediment geochemistry
Sediments showed the greatest organic-enrichment impacts in the near vicinity of the fish farm, i.e. up to 40 m from the cages (Tables 1 & 2, Fig. 3) . TDS values in the sediments closest to the farm exhibited the greatest seasonal fluctuations, and TDS concentrations in autumn were significantly higher than in all other seasons (p < 0.05; Tukey's Studentized Range Test). TDS concentrations in spring, summer and autumn decreased to zero 60 m from the farm, whereas practically no sulfide was detected along the transect in winter. DO concentrations at the sediment surface increased with increasing distance from the farm (Fig. 3) . TDS concentrations and LOI levels were positively correlated with each other (r = 0.699, N = 38, p < 0.0001). Both variables were negatively correlated with DO concentrations (r = -0.796, N = 39, p < 0.0001 and r = -0.745, N = 38, p < 0.0001, respectively). A seasonal assessment of the data shows that in the vicinity of the fish farm, TDS and LOI levels were greatest in autumn, whereas DO concentrations were greatest in winter (p < 0.05; Tukey's Studentized Range Test).
Nassarius sinusigerus abundance and weight fluctuations
Considerable variance was observed in snail abundances, both among seasons and among replicate samples within stations (Fig. 3) . A peak in snail abundance was found on each sampling date in the region between 20 and 80 m west of the farm. A secondary increase in Nassarius sinusigerus abundance was also observed around 120 to 160 m west of the farm in spring and autumn 1998. In autumn 1998, snail abundances were greatest, yet the mean wet weight per snail (12.2 ± 2.0 mg) was significantly lower (p < 0.05) than in all other seasons (Fig. 4) . Conversely, in summer 1998, abundances were lowest and the mean wet weight per snail was highest (29.2 ± 8.9 mg). Skewness of the snail-weight frequency distribution towards juveniles in autumn 1998 (Fig. 4) suggests that a large recruitment event had occurred during the preceding summer.
Nassarius sinusigerus distribution relative to geochemical variables
Snail abundance at the stations beneath the farm and up to the area where the snail abundance peak was recorded was positively correlated with DO con- Fig. 3 . Summary of sediment geochemistry and snail (Nassarius sinusigerus) abundance at each station in April (spring), July (summer), October (autumn) 1998 and February (winter) 1999. Geochemical variables comprised total dissolved sulfides (TDS) and loss-on-ignition (LOI) in upper 2 cm of sediment and dissolved oxygen (DO) at sediment surface. All data are means of at least 3 replicates (± SE) the sediments below the fish cages improved (H 2 S = 0; DO > 1 mg l -1 from below the farm onwards), the snail abundance peak shifted toward the farm.
The geochemical data (TDS, DO and LOI) from all seasons and all stations were analyzed by K-means cluster analysis and this procedure revealed 3 distinct groupings (p < 0.001) which we have coined: 'highly' (Cluster 1), 'moderately' (Cluster 2) and 'slightly' (Cluster 3) impacted sediments ( Table 2 ). The highly impacted sediments (Cluster 1) were in the immediate vicinity of the fish farm (0 to 40 m) during summer and autumn, whereas Clusters 2 and 3 were mainly comprised of samples from more distant stations. Because sediment conditions were better during winter and spring, Cluster 2 (moderately impacted) includes data from Stns 0 to 40 as well. A few samples from the highly impacted stations fell into the moderately and slightly impacted clusters (see Table 2 ) as a result of high LOI and low TDS or low DO within the same sample. It is noteworthy that snail abundances in Clusters 2 and 3 were significantly higher than those recorded in Cluster 1 (p < 0.001), but were not significantly different from each other. The highest abundances of snails (abundance peaks) corresponded to conditions that characterized the sediments in Cluster 2.
Nutritional behavior of Nassarius sinusigerus
Snails collected in the field, at distances ≥ 60 m from the fish farm, displayed significantly higher 'hunger ratios' (HR; proportion of feeding snails/total snails) than snails collected closer to the farm (p < 0.05) (Fig. 5 ). There were no significant differences in the hunger ratios of snails sampled from between 60 and 160 m from the farm. The HR of snails collected below the cages (Stn 0) was not significantly different from the HR of fed snails. At all stations (except for snails collected 120 m from the farm) the 'hunger ratios' of Nassarius sinusigerus were significantly lower than those of starved snails (p < 0.05). Snails that were fed just prior to the bioassays (the 'fed' control) did not feed on the carrion in the bioassay, whereas 89% of the starved snails reached the fish carrion and commenced feeding within 20 min.
DISCUSSION
The highly impacted sediments at the 'Ardag' fish farm were restricted to the area below the cages (Sampling Stns 0 and 20 W), as documented in similar fish farm impact studies elsewhere (Weston 1990 , Ye et al. 1991 , Holmer & Kristensen 1992 , Karakassis et al. 1998 . The sediments surrounding the highly impacted region could be described as 'transitional' (Angel et al. 1995) , since they exhibit variable geochemistries (Fig. 3 ) and respond to seasonal changes. It is likely that the seasonal changes in the area of impacted seafloor surrounding the 'Ardag' farm were related to the combined effects of seasonal adjustment in fishfeed input and changes in local hydrography (Brenner et al. 1988 (Brenner et al. , 1991 that affect the distribution of fish farm effluents (e.g. Holmer & Kristensen 1992 , 1996 , Karakassis et al. 1998 . Our data indicate the need for seasonal sampling to characterize sediment status in regions where seasonal variability occurs. Although several studies have documented seasonal variations in benthic communities under fish farms (Hargrave et al. 1993 , Findlay et al. 1995 , Tsutsumi 1995 , this is the first report of seasonal spatial shifting in distribution (abundance peak) of a benthic species in relation to the level of organic enrichment.
We propose that the unique benthic conditions created by the fish farm served as both attractant and deterrent to Nassarius sinusigerus. Pearson & Rosenberg (1978 regarded food availability as an attractant for opportunistic species, and sediment toxicity as a barrier that prevents them from advancing further toward the attractant. Whereas N. sinusigerus can tolerate fairly high levels of H 2 S and hypoxia (Fig. 3) , the greatest snail abundances were found in moderately impacted conditions ( Table 2 ). The factor attracting N. sinusigerus toward the farm was probably food availability, as indicated by the hunger bioassays (Fig. 5) and the strong attraction of the snails to fish-farm sediments, and to annelids in these sediments (T. Katz unpubl. data). This behavior is not unique to N. sinusigerus, as similar carniverous scavenging feeding activity has been reported for other nassarid species (Tallmark 1980 , Britton & Morton 1992 . Moreover, an increase in nassariid abundance was recorded where fishery bycatches had been dumped (i.e. an increase in carrion availability) in Hong Kong coastal waters (Britton & Morton 1994) . Pearson & Rosenberg (1978) suggested that the peak of opportunists could serve as a monitoring tool to assess the extent of impact on the benthos. An increase in distance between this peak and the source of organic enrichment would indicate deterioration in environmental conditions around the fish farm (as observed in this study in summer 1998), whereas a shift in the peak toward the source would reflect reduction in the environmental impact (as observed in winter 1999). Since Nassarius sinusigerus is an opportunistic species with a typical distribution pattern along an organic enrichment gradient, we suggest that the position of peak abundances along the transect may indicate the level of benthic organic enrichment. It should be noted that the effect of predation on nassariid population dynamics and distribution is presently unknown and should be examined in future research.
In a long-term benthic study at an ocean sewage outfall, Maurer et al. (1993) tested the validity of the Pearson & Rosenberg (1978) model. The peak in macrobenthos abundance coincided with the highest concentrations of total organic carbon, i.e. macrobenthos did not decline with increasing organic load, as predicted by the model. The abundance pattern described by Maurer et al. (1993) resembles our winter 1999 observations when the sediment geochemical conditions improved, enabling the highest Nassarius sinusigerus abundances to occur directly under the fish farm despite the high LOI levels there. Thus, we suggest that when the macrobenthos abundance peak approached the point source of organic enrichment (fish farm), the sediment conditions had not reached detrimental levels for the studied organisms. It appears that one of the main factors that determines the magnitude of the snail abundance peak is the time lapsed since the last recruitment event. There was evidently a large recruitment event in late summer 1998, as indicated by the skewness of the snailweight frequency distribution towards juveniles in autumn 1998 (Fig. 4) . This phenomenon also recurred during autumn 1999 and autumn 2000 (N. Eden unpubl. data). Previous studies on the population dynamics of nassariids have shown considerable seasonal and year-to-year fluctuations in abundance (Tallmark 1980) . Moreover, spawning of several nassariid species -Nassarius reticulatus (Tallmark 1980) , N. obsoletus (Scheltema 1967 , Sastry 1970 and N. trivittatus (Pechenik 1978) -is clearly linked to water temperature and the availability of organically rich substratum. It is possible that the major recruitment of N. sinusigerus occurs during summer, but that the additional food resources in the vicinity of the fish farm support constant low levels of recruitment throughout the year (Fig. 4) . In light of the strong seasonal differences in snail abundance (Fig. 3) , we propose that the environmental indicator should be the position of the peak in snail abundance along the transect, rather than the actual number of snails per unit area.
The results of this study suggest that the distribution of Nassarius sinusigerus around fish farms is determined by the balance between sediment geochemistry (H 2 S and DO concentrations) and the attraction of the gastropod to the organically enriched sediments below the fish cages. As such, the distribution of N. sinusigerus may serve as an indicator of sediment conditions. In an independent study of the sediments under various salmon farms in Chile, A. Clemente (pers. comm.) observed that the local nassarid N. denifer exhibited peak abundances (up to 25 000 snail m -2 ) in the transition zone between moderate and low benthic impact (see also www.aquatoxsal.de). Since nassarids are cosmopolitan gastropods, their response to fish-cage aquaculture should be considered a potential biological indicator for the state of marine sediments around such operations.
